Bonding, aromaticity and reactivity patterns in some all-metal and non-metal clusters by Duley, S. et al.
J. Chem. Sci., Vol. 121, No. 5, September 2009, pp. 849–858. © Indian Academy of Sciences. 
  849
†Dedicated to the memory of the late Professor S K Rangarajan
*For correspondence 
Bonding, aromaticity and reactivity patterns in some all-metal and 
non-metal clusters
†
 
S DULEY, S GIRI, A CHAKRABORTY and P K CHATTARAJ* 
Department of Chemistry and Center for Theoretical Studies, Indian Institute of Technology,  
Kharagpur 721 302 
e-mail: pkc@chem.iitkgp.ernet.in 
Abstract. Several sandwich-like metal clusters have been studied at the B3LYP/6-311 + G* level of 
theory. Bonding and reactivity have been analysed through various geometrical parameters and concep-
tual density functional theory based global reactivity descriptors. Aromaticity patterns have been under-
stood in terms of the associated nucleus independent chemical shift values. Possibility of bond–stretch 
isomerism in some doped clusters is explored. Preferable sites for electrophilic and nucleophilic attacks 
have been identified using different local reactivity descriptors. 
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1. Introduction 
The concept of aromaticity1 in chemical systems has 
been introduced by Kekulé and since then this idea 
has been analysed under different contexts.2 The 
concept of aromaticity/antiaromaticity in chemical 
systems has become a popular classroom topic and 
the (4n + 2)π-electron rule for aromatic species is 
also well-known to the chemistry students. A lot of 
research has been carried out by both the theoreti-
cians and the experimentalists by choosing several 
organic and inorganic systems like benzene and its 
derivatives, cyclic planar conjugated carbon-
systems, borazines3 etc. Boldyrev et al4 in their 
breakthrough effort have added a new dimension to 
this concept. They have presented both theoretical 
and experimental evidences of aromaticity in an all-
metal system Al24–. The Al24– ring has been shown to 
be of perfect square planar geometry with two  
π-electrons delocalized through the entire skeleton 
of the all-metal framework. The HOMO is also of  
π-type in nature with a pair of such electrons. This 
has opened a new vista of further work on the topic 
of all-metal aromaticity and since then this seminal 
theme of all-metal aromaticity5 has been explored by 
several researchers. Scientists have also noticed that 
these all-metal multi-atomic aromatic systems are 
capable of forming strong bonds and/or closed
electronic structures. So a group of these atoms  
behave like a single superatom. These superatoms 
are undoubtedly novel synthones for the formation 
of a wide variety of all-metal sandwich-like clus-
ters.6 Further advancements have shown that a wide 
variety of non-metallic Bx, Nx, Px superatoms7 can be 
used as building blocks for the formation of metal–
non-metal clusters. In this study, we report the pos-
sible existence and reactivity of a variety of all-
metal and metal–non-metal sandwich type as well as 
non-sandwiched flanked clusters. The stability, reac-
tivity and aromaticity of all the cluster compounds 
are judged under the paradigm of conceptual density 
functional theory8 based global reactivity descriptors 
like electronegativity9 (χ), hardness10 (η) and elec-
trophilicity index11 (ω) and local reactivity descrip-
tors like atomic charges12 (Qk) and the Fukui 
function13 ( fk). The aromaticity measures of the 
complexes are analysed through calculation of the 
nucleus independent chemical shift (NICS) values of 
all the metallic and non-metallic rings by adopting 
the standard procedure as pescribed by Schleyer et 
al
14. We also report a number of probable reactions 
that can occur upon replacement/substitution of the  
superatoms amongst themselves. The feasibility of 
these reactions is also evident from their respective 
reaction enthalpy (ΔH) and reaction electrophilicity 
(Δω) values. Theoretical background of the present 
work is presented in Section 2 and section 3 pro-
vides the numerical details. Section 4 presents the 
results and discussion and finally, section 5 contains 
some concluding remarks. 
S Duley et al 
 
850 
2. Theoretical background 
For an N-electron system with total energy E, the 
electronegativity9 (χ) and hardness10 (η) can respec-
tively be defined as the following first-order and 
second-order energy derivatives: 
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where μ and ( )v r  are chemical and external poten-
tials respectively. Electrophilicity11 (ω) is defined 
as: 
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For favourable reactions (say exothermic when  
entropy effects are neglected) ω often decreases.15 
 A finite difference approximation to the above  
derivatives provides 
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where the ionization potential (I) and the electron 
affinity (A) are expressed in terms of the energy of 
an N-electron system, E(N), as 
 
 I = E(N–1) – E(N), (6) 
 
and 
 A = E(N) – E(N + 1). (7) 
One of the most important local reactivity descrip-
tors is the Fukui function,13 ( )f r  which is given by 
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which means that it is a measure of the change in the 
electron density at a given point when electrons are 
added to or removed from the system at constant 
( )v r

 or equivalently through a Maxwell relation it 
describes the change in the chemical potential when 
the external potential changes and the number of 
electrons remains conserved. 
 Condensation on individual atomic sites gives rise 
to16 
 
 ( 1) ( )
k k k
f q N q N+ = + −  for nucleophilic attack (9a) 
 
 ( ) ( 1)
k k k
f q N q N− = − −  for electrophilic attack (9b) 
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k k k
f q N q N= + − −  for radical attack, (9c) 
 
where qk refers to the electronic population of atom 
k in a molecule. 
 Another local reactivity descriptor, philicity17 
( )
k
α
ω  is defined for analyzing the site selectivity as 
 
 .
k k
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where α = +, –, 0 denotes nucleophilic, electrophilic 
and radical attacks respectively. 
 The absolute magnetic shielding is represented as 
the nucleus independent chemical shift14 (NICS) 
which at the centre of a ring is designated as NICS(0). 
3. Numerical details 
All the generated molecular systems are optimized 
and their frequencies are calculated at the B3LYP/6-
311 + G* level of theory by using the Gaussian 03 
program.18 The NIMAG values of all the structures 
are zero which confirmed their existence at the min-
ima of the potential energy surface (PES). We choose 
the ferrocene moiety anion (Cp–Fe–Cp) as the start-
ing chemical system and have gradually substituted 
the two cyclopentadienyl anion (Cp–) rings with su-
peratoms like Al24–, B–3, B24–, N24– and P24–. After ob-
taining I and A values using a ΔSCF technique, the 
electronegativity and hardness are calculated using 
(4) and (5) respectively. Natural Population Analy-
sis (NPA) scheme is used in the calculation of the 
atomic charges and the Fukui function. The global 
electrophilicity index (ω) is calculated from the ex-
plicit formula (3) involving chemical potential9 and 
hardness10 as proposed by Parr et al.11 In the last set 
we study a superatom19 [Mg4Be4] and its complexes 
([Mg4Be4–M]; where M = Li, Na, K, Be, Mg,
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Figure 1. Optimized structures(B3LYP/6-311+G*) of the molecules involved in the scheme S1. 
 
 
 
Figure 2. Optimized structures (B3LYP/6-311+G*) of 
the molecules involved in the scheme S2. 
Ca, Sc, Ti, Cr, Zn, B and C) with different alkali 
metal, alkaline earth metal, first row transition metal 
and non-metal atoms at B3LYP/6-311 + G* level of 
theory in Gaussian 03 package. The frequency cal-
culations are also carried out at the same level of 
theory. In all the cases we get zero imaginary fre-
quency which implies that the complexes are of the 
minimum energy values in their ground states. 
Global reactivity descriptors like electronegativity 
(χ) and hardness (η) are calculated from ionization 
potential (IP) and electron affinity (EA) which are 
obtained using ΔSCF technique as described above. 
Electrophilicity index (ω) values of these complexes 
are obtained from (3). To get the atomic charges and 
other local reactivity descriptors like the Fukui func-
tion13 (FF) and the philicity17 ( )
k
α
ω  we use natural 
population analysis scheme (NPA) for this set as 
well. We also calculate the nucleus independent 
chemical shift (NICS) values of mainly two rings 
(Mg4 and Be4) of the complexes. Frontier molecular 
orbital pictures are obtained through GV 03 package. 
4. Results and discussion 
We segregate the possible reactions of our reported 
molecular systems into four reaction schemes.
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Figure 3. Some important frontier molecular orbital pictures of different molecules involved in the reactions 
(scheme S1). 
 
 
Figures 1 and 2 present the optimized geometrical 
structures of the complexes of schemes S1 and S2 
respectively (See supporting information for details). 
The total energy (E, a.u.), electronegativity (χ, eV), 
hardness (η, eV) and electrophilicity index (ω, eV) 
of all the molecular systems involved in the reaction 
schemes S1 and S2 are shown in tables S1 and S2  
respectively. The molecular point groups (PG) and 
the NICS(0) values of the chemical systems as well 
as that of the superatoms involved in schemes S1 
and S2 are respectively shown in tables S3 and S4. 
The atomic charges (Qk) and the Fukui functions f +k 
and f –k (NPA values) for nucleophilic and electro-
philic attacks respectively, for the different systems
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Figure 4. Some important frontier molecular orbital pictures of different molecules in-
volved in the reactions (scheme S2). 
 
 
involved are shown in tables S5 and S6 for the 
schemes S1 and S2 respectively. All the possible 
substitution and replacement reactions involved in 
schemes S1 and S2 and their corresponding reaction 
enthalpies (ΔH in Kcal/mole) and reaction electro-
philicity values (Δω in eV)) are provided in tables 
S7 and S8 respectively. Tables S1 and S2 highlight 
that the aromatic rings remain intact in most of the
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Figure 5. Optimized structures (B3LYP/6-311 + G*) of the molecules involved in the scheme S3. 
 
 
sandwich complexes which in turn may be straight, 
slipped, eclipsed or staggered. Although η and ω 
values are positive in all cases (tables S1 and S2) χ 
is negative in some cases reflecting their disliking in 
accepting further electrons. From table S3 it be-
comes apparent that the superatoms involved in the 
reactions of scheme S1 almost retain their aromatic-
ities even in the complexed form except for [Al4]2– 
in [Al4–Fe–B4]2– and [Al4–Fe–Al4]2– as well as [B4]2– 
and [B3]– in [B3–Fe–B4]–. A more or less analogous 
mixed trends in the NICS(0) values for the supera-
toms involved in reaction scheme S2 becomes rele-
vant from table S4. While the NICS(0) values for 
the N24– and P24– moieties in the free uncombined 
state reveal their antiaromatic nature, the same su-
peratoms turn out to be aromatic in the complexed
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Figure 6. Some important frontier molecular orbital pictures of different metal clusters (scheme S3). 
 
 
form. Thus a variation in the aromaticity trends for 
the different moieties can well be observed in course 
of the reactions. The atomic charges Qk (NPA) and 
the Fukui function values in tables S5 and S6 for 
schemes S1 and S2 respectively portray the change 
in reactivity pattern of the Fe-center in the presence 
or absence of the cyclopentadienyl (Cp–) ring. In 
[Cp–Fe–Cp] the metal center acquired a positive 
charge and hence would be an ideal site to be targeted 
by an anion or a hard nucleophile. But a mixed trend 
is observed where the metal centers form complexes 
with the superatoms and Cp–. For all the complexes, 
C atoms in the Cp– ring are negatively charged and 
hence favourable for electrophilic attack. But for all 
the atom centers in the other moieties a mixed trend 
is observed. From tables S7 and S8 it is evident that 
all the substitution/replacement reactions are exo-
thermic in nature. The reaction electrophilicity val-
ues (Δω) for almost all of the reactions (one 
exception out of 35 cases) in both the proposed
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Figure 7. Optimized structures (B3LYP/6-311+G*) and some important frontier molecular 
orbital pictures of Be6–Mg isomers (scheme S4). 
 
 
schemes are negative thereby affording some theo-
retical justification to their spontaneity as dictated 
by the minimum electrophilicity principle.15 Figures 
3 and 4 illustrate the significant frontier molecular 
orbitals of the metal sandwich complexes. For the 
complexes of Cp–, N24–and P24– rings with Fe as cen-
tral atom have similar molecular orbitals. The 
HOMO of ferrocene is essentially the 3dz2 orbital of 
Fe with hardly any overlap with the π–MO of Cp–. 
In other complexes σ and π aromaticities are ob-
served owing to delocalization. The symmetry and 
planarity of N24– and P24– ring are preserved even after 
complexation with more overlap with the 3dz2 or-
bital in Fe than in the case of ferrocene.20 The square 
planar symmetry is marginally lost in the cases of 
unsymmetrical sandwich complexes although same 
amount of delocalization still persists. However, no 
such distinct delocalization is observed in the 
HOMO of [Al4–Fe–Al4]2– complex as Al24– ring loses 
its planarity upon complexation. For most of the un-
symmetrical sandwich complexes with Al24– unit in 
one end the ring, however, remains intact. Figure 5 
presents the optimized geometries of some impor-
tant crown like clusters19 of scheme S3 (see support-
ing information details). We start with the planar 
Mg4 and Be4 units with D4h symmetry. It is found 
that Mg4 and Be4 rings are planar in almost all the 
complexes except in [Mg4Be4–Na], [Mg4Be4–K], 
[Mg4Be4–Cr] and [Mg4Be4–Zn]. The bond distance 
between the center of Be4 ring and the reacting atom 
of the complexes increases when we move from Li 
to K and Be to Ca. But this is reverse for the com-
plexes containing first row transition metals like Sc, 
Ti, Cr except Zn and non-metals B and C. Tables S9 
and S10 present the energy, electronegativity, hard-
ness and electrophilicity values of the reacting atom 
and the complexes respectively. Nucleus independ-
ent chemical shift (NICS (0)) values of the com-
plexes are provided in table S11. In all the cases but 
for the Mg4 units in [Mg4Be4–Mg] and [Mg4Be4–Zn] 
the NICS(0) value is negative suggesting that all the 
complexes are aromatic in nature. Some important 
frontier molecular orbital pictures are shown in fig-
ure 6. From HOMO pictures (doubly degenerate in 
some case) it is evident that the complexes of Li, 
Na, K and Zn exhibit similar trends where mainly σ-
delocalization is observed over the triangular Be–
Mg–Be unit. On the other hand in the cases of the 
complexes of Sc, B, and C discernible delocalization 
is observed over the four-membered Mg4 and Be4 
units. Table S12 presents the reaction enthalpy (ΔH) 
and the reaction electrophilicity (Δω) of the forma-
tion reactions of different metal clusters. In all the 
cases the reaction enthalpy and reaction electro-
philicity are negative which indicates that the reac-
tions are exothermic in nature and the minimum 
electrophilicity principle15 seems to be operative. 
The atomic charges (NPA), Fukui functions (for 
both electrophilic and nucleophilic attacks) and the 
associated philicity values are given in table S13. 
For all the cases the Mg4 ring atoms are favourable 
for nucleophilic attack and the Be4 ring atoms are 
better sites for electrophilic attack for most of the 
cases except in the complexes of [Mg4Be4–Ti], 
[Mg4Be4–B] and [Mg4Be4–C] and two alternative Be 
atoms in Be4 ring of [Mg4Be4–Cr]. 
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Figure 8. Optimized structures (B3LYP/6-311 + G*) 
and some important frontier molecular orbital pictures  
of the transition state separating the Be6–Mg (I) and  
Be6–Mg (II) isomers (scheme 4). 
 
 
 Finally, we analyse the bonding, reactivity and aro-
maticity patterns in Mg-doped Be-clusters (scheme 
S4). In table S14 we present two ‘bond- stretch’ 
isomers21,22 of Be6–Mg. The Be6–Mg (C6v) isomers 
are of almost same energy (variation in the 5th place 
of the decimal) and both of them belong to minima 
(number of imaginary frequency, NIMAG = 0) on 
the potential energy surface separated by a C2-
symmetric transition state (TS, NIMAG = 1). Asso-
ciated HOMO and LUMO of these species are pre-
sented in figures 7 and 8. Although the two isomers 
are of same symmetry, almost same energy and 
identical frontier orbitals (figure 7), reactivity and 
aromaticity patterns (table S15), some of the bond 
lengths of these isomers are different. In case it is  
a real example of bond-stretch isomerism21,22 it  
will prompt experimentalists to synthesize those 
isomers. 
5. Concluding remarks 
An abrupt change in the bonding and reactivity pat-
terns is noticed when the Cp– ring in Cp–Fe–Cp is 
substituted by the incoming superatoms. The Al24– 
moiety is unable to maintain its planarity. The B–3 
and B24– ligands on bonding with the Fe atom cannot 
preserve the expected sandwiched structure and 
form flanked clusters. The spontaneity of the pro-
posed reactions are somewhat justified from their 
ΔH and Δω values. Associated noticeable changes in 
aromaticity of the attacking moieties are also ob-
served. Site selectivity of different atomic centers 
towards electrophilic and nucleophilic attacks is un-
derstood. Bond-stretch isomerism is noticed in the 
Be6–Mg cluster. 
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